Abstract. The aim of the present study was to investigate the anticancer effects of resveratrol-4-O-D-(2'-galloyl)-glucopyranoside (REG) on leukemia and the mechanism underlying its effects. Three leukemia cell lines (HL-60, Jurkat and U937) were used in this study. A Cell Counting kit-8 assay was performed to evaluate the anti-proliferative activity of REG on leukemia cell lines, and flow cytometric analysis was used to detect REG-induced apoptosis. In addition, western blot analysis was conducted to detect the levels of apoptosis-related proteins including, cytochrome c, cleaved (c)-caspases-3 and -9, B-cell lymphoma 2 (Bcl-2) and Bcl-2-associated protein x (Bax). Finally, a HL-60 cell xenograft model in nude mice was used to evaluate the antitumor effect of REG on leukemia in vivo. The present results indicated that REG can significantly inhibit the proliferation of HL-60, Jurkat and U937 cell lines in a concentration-and time-dependent manner. The half maximal inhibitory concentration values were 38.4, 49.1 and 48.2 µg/ml for HL-60, Jurkat and U937 cells, respectively. Furthermore, flow cytometric analysis demonstrated that REG can induce the apoptosis of HL-60 cells, as well as increase the levels of cytochrome c, c-caspases-3 and -9, and Bax, as well as downregulate the expression of Bcl-2. In vivo, REG was found to possess a marked anticancer effect on leukemia. In combination, the present results indicated that REG exerts significant anticancer effects on leukemia in vivo and in vitro through the induction of apoptosis.
Introduction
Leukemia is one of the leading causes of malignant cancer-related mortality in males and females, and despite the efforts made to improve its treatment and diagnosis, the mortality rates remain high to date (1) . Currently, the predominant therapeutic regimens for the treatment of leukemia are chemotherapy-based, due to the fact that the majority of the adult patients with leukemia are incompatible for bone marrow transplantation. Chemotherapy-based treatments, however, are associated with severe side effects (2, 3) , and therefore, finding novel, safe and effective therapeutic regimens for leukemia is imperative. Traditional Chinese medicines are used for the treatment of various diseases, and a number of these agents have been considered as potential agents for cancer treatment or prevention (4-7).
Resveratrol-4-O-D-(2'-galloyl)-glucopyranoside (REG) is one of the predominant stilbene glycosides isolated from
Polygonum cuspidatum (8) . No pharmacological activity of REG has been reported so far, however, preliminary experiments demonstrated potential anticancer effects in vivo. The present study investigated the effect of REG on leukemia cells, and the findings demonstrated that it exerts marked anticancer effects on leukemia through the induction of apoptosis. Fig. 1 ) was purchased from Dingrui Chemical Ltd. (Shanghai, China). Cell Counting kit-8 (CCK-8) was obtained from Dojindo Biochem (Shanghai, China), dimethyl sulfoxide (DMSO) from Sigma-Aldrich (St. Louis, MO, USA), and RPMI 1640 media and fetal bovine serum (FBS) from Invitrogen, Thermo Fisher Scientific, Inc., (Waltham, MA, USA). Monoclonal rabbit antibodies against β-actin (cat. no. 49701), cytochrome c (cat. no. 4280s), cleaved (c)-caspases-3 (cat. no. 9664s) and -9 (cat. no. 9509s), B-cell lymphoma 2 (Bcl-2; cat. no. 2870s) and Bcl-2-associated protein x (Bax; cat. no. 5023s) were purchased from Cell Signaling Technology Inc. (Denver, MA, USA). An Annexin V-fluorescein isothiocyanate (FITC) propidium iodide (PI) kit was purchased from Beyotime Institute of Biotechnology (Haimen, China). All other chemicals used in the present study were of analytical grade.
Materials and methods

Chemicals and reagents.
Animals. Nude mice (n=20; age, 5-6 weeks) were obtained from the Shanghai SLRC Laboratory Animal Company (Shanghai, China). The mice were maintained at 21±1˚C under a 12-h light/dark cycle with access to standard food pellets and water ad libitum. All animal treatments were conducted in strict accordance with the international ethical guidelines
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and the Guide for the Care and Use of Laboratory Animals by the National Institutes of Health (9) . The experiments were approved by the Animal Experimentation Ethics Committee of Fudan University (Shanghai, China).
Cell culture and CCK-8 assay. HL-60, Jurkat and U937 human leukemia cell lines were purchased from the American Type Culture Collection (Manassas, VA, USA). The cells were cultured in RPMI-1640 medium supplemented with 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin (Sigma-Aldrich). Cells were sub-cultured until they reached the logarithmic growth phase at 7˚C in 5% CO 2 /95% air. Then, the CCK assay was performed to evaluate the anti-proliferative activity of REG on leukemia cell lines as previously described (10) . Western blot analysis. Following total protein extraction from cells using mammalian protein extraction reagents (Beyotime Institute of Biotechnology), the protein concentration was determined using the Enhanced Bicinchoninic acid Protein Assay Reagent (Beyotime Institute of Biotechnology). Subsequently, 40 µg protein samples were separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (Beyotime Institute of Biotechnology), and transferred onto polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, USA). The membranes were blocked with 5% fat-free dry milk in 1X Tris-buffered saline containing 0.05% Tween 20 for 2 h, and incubated with monoclonal primary antibodies (diluted 1:1,000) at 4˚C for 10 h. The membrane was washed with TBST buffer [Sangon Biotech Co., Ltd., Shanghai, China; 20 M Tris-HCl (pH 7.4), 150 M NaCl and 0.1% Tween 20 and protein bands were incubated with goat anti-rabbit horseradish peroxidase-conjugated monoclonal antibody (diluted, 1:2,000; cat. no. A0208; Beyotime Institute of Biotechnology) for 2 h at room temperature, and subsequently detected by chemiluminescence (Beyotime Institute of Biotechnology) using a ChemiDoc™ XRS imaging system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). To measure protein loading, antibodies directed against β-actin were used.
Xenograft assay in vivo. The mice were divided into the REG treatment and control groups (n=8/group). All mice received a subcutaneous injection of HL-60 cells (2x10 6 /mouse) in the right flank. When the tumors grew to ~2-3 mm in diameter, the REG treatment group received an intraperitoneal injection of REG (40 mg/kg/day) and the control group received an equal volume of solvent control (0.5% DMSO). The mice from the two groups remained under observation for 15 days, and the tumor sizes were measured every 5 days. The tumor diameters were determined using a Vernier caliper (Bangsheng Equipment, Shanghai, China), and the tumor 
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Statistical analysis. The significant differences between the groups were determined using Student's t-test and analyzed by SPSS software for Windows (version 18.0; SPSS, Inc., Chicago, IL, USA). The results are presented as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results
REG exhibits an anti-proliferative effect on leukemia cell
lines. HL-60, Jurkat and U937 leukemia cell lines were treated with REG at concentrations of 5-160 µg/ml, and the cytotoxic activity of REG was evaluated using a CCK-8 assay. The results indicated that REG exerted a marked anti-proliferative effect on the three leukemia cell lines in a concentration and time-dependent manner (Fig. 2) . The half maximal inhibitory concentration (IC 50 ) values of REG for HL-60, Jurkat and U937 ell lines were 38.4, 49.1 and 48.2 µg/ml, respectively. These results indicated that REG can significantly inhibit proliferation in leukemia cells in a concentration-and time-dependent manner. In addition, the HL-60 cell line was selected for the rest of the experiments as REG exhibited the most marked anti-proliferative effect on this cell line.
Flow cytometric analysis results. In order to confirm whether the anti-proliferative effect of REG on leukemia cells was associated with the induction of apoptosis, flow cytometric analysis was performed. As shown in Fig. 3 , following exposure to REG at concentrations of 20, 40 and 80 µg/ml for 24 h, a concentration-dependent increase in apoptosis was observed. Thus, these results demonstrated that the cytotoxic activity of REG on leukemia cells in vitro may be associated with the induction of apoptosis.
Effect of REG on the expression of caspase and Bcl-2 family
proteins. In order to investigate the mechanism underlying the effect of REG, the levels of certain apoptosis-related proteins were detected. As shown in Fig. 4 , the expression of cytochrome c, and c-caspases-3 and -9 proteins was found to be significantly upregulated in a concentration-dependent manner in the REG treatment group compared with the control group (P<0.05). Furthermore, the expression levels of proteins from the Bcl-2 family were also determined in the present study (Fig. 5) . The results showed that the Bcl-2 expression was significantly downregulated, whereas the expression of Bax was significantly upregulated compared with the control group (P<0.05).
In vivo anticancer effects of REG on the HL-60 xenograft model in nude mice. As shown in Fig. 6 , following treatment with REG (40 mg/kg/day for 15 days), a significant inhibitory effect on tumor growth was observed during the 15-day observation period (P<0.05) compared with the control group. Furthermore, the expression of caspases-3 and -9, Bax and Bcl-2 proteins in the tumor tissues was examined. The results showed that the expression of c-caspases-3 and -9, and Bax increased significantly, whereas the expression of Bcl-2 was found to be clearly decreased in the REG-treated mice compared with that in the control group (P<0.01).
Discussion
To the best of our knowledge, no studies have been conducted regarding the antitumor effect of REG on leukemia. To the best of our knowledge, the present study demonstrated for the first time that REG exerts a marked antileukemia activity, and that the underlying mechanism may be associated with the mitochondria-mediated apoptosis pathway.
It is known that apoptosis is a desirable pathway for killing cancer cells, and numerous studies have aimed to identify apoptosis-inducing agents (12) (13) (14) . Mitochondria-mediated apoptosis has been reported to be an important apoptosis pathway (15) . The release of cytochrome c into the cytosol from the mitochondria is the initial step in the induction of apoptosis, and the apoptosis-associated caspase proteins, such as caspase-9. It has been reported that cytosolic cytochrome c can activate procaspase-9 by binding to the apoptotic peptidase activating factor-1 in the presence of deoxyadenosine triphosphate, resulting in the activation of caspase-9 (15, 17) . The activation of caspase-9 often leads to the activation of caspase-3. Caspase proteins are a family of cysteine proteases that are activated in the execution phase of apoptosis. Caspase-3 is a crucial signaling protein of the mitochondria-mediated apoptosis pathway, and is considered to be the most important 'executioner' protein; therefore, the activation of caspase-3 is usually considered to be a biochemical hallmark of apoptosis (18, 19) .
In the present study, it was demonstrated that REG treatment can significantly increase the cytochrome c expression levels in the cytoplasm. In addition, the key caspase proteins, caspases-3 and -9, were also upregulated following exposure to REG. These results indicated that the anticancer activity of 
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REG in leukemia cells could be associated with the mitochondria-mediated apoptosis pathway.
The Bcl-2 family of proteins is also considered to exhibit a key role in the regulation of the mitochondria-mediated apoptosis pathway. Bax is one of the main pro-apoptotic proteins of the Bcl-2 family, whereas Bcl-2 is one of the main anti-apoptotic proteins. Furthermore, the ratio of Bax/Bcl-2 is a key factor in the induction of mitochondrial-mediated apoptosis (3, 20) . The results of the present study showed that Bcl-2 protein expression was markedly downregulated following REG treatment. By contrast, the expression level of Bax was found to be significantly increased following treatment with REG; therefore, the relative ratio of Bax/Bcl-2 was significantly elevated by REG treatment. In addition, the results of the in vivo experiment were consistent with the results obtained in vitro, suggesting that the anticancer activity of REG in leukemia is associated with the mitochondria-mediated apoptosis pathway.
In conclusion, the present study demonstrated that REG is an effective and reliable antileukemia agent, and that the underlying mechanism may be associated with the induction of the caspase-3 cascade, as well as the downregulation of the anti-apoptotic Bcl-2 family proteins. Findings from the current study indicated that REG exerts marked antitumor effects on leukemia cell lines, which may suggest the compound has potential clinical use as a therapeutic agent; however, further investigation of the mechanism underlying the effects of REG is required.
